Abstract Reduced nitrate supply to the subarctic North Pacific (SNP) surface during the last ice age has been inferred from coupled changes in diatom-bound δ N drops in the latter half of the Bølling/Allerød warm period and rises briefly in the Younger Dryas cold period, followed by a decline into the mid-Holocene. The FB-δ 15 N records suggest that the coupling among cold climate, reduced nitrate supply, and more complete nitrate consumption that characterized the LGM also applied to the deglacial cold events.
N) in Neogloboquadrina pachyderma and Globigerina bulloides, comparing them with N in the same core over the past 25 kyr. The δ 15 N of all recorders is higher during the Last Glacial Maximum (LGM) than in the Holocene, indicating more complete nitrate consumption. N. pachyderma N is similar to N in the Holocene but 2.2‰ higher during the LGM. This difference suggests a greater sensitivity of N to changes in summertime nitrate drawdown and δ 15 N rise, consistent with a lag of the foraminifera relative to diatoms in reaching their summertime production peak in this highly seasonal environment. Unlike DB-δ 15 N, FB-δ 15 N does not decrease from the LGM into HS1, which supports a previous suggestion that the N minimum is due to contamination by sponge spicules. N drops in the latter half of the Bølling/Allerød warm period and rises briefly in the Younger Dryas cold period, followed by a decline into the mid-Holocene. The FB-δ
Introduction
During the Pleistocene ice ages, the subarctic North Pacific (SNP) and the Antarctic, on nearly opposite sides of the Earth, were both characterized by low productivity as indicated by low burial fluxes of biogenic components and low surface nitrate concentration as indicated by nitrogen isotopic data [François et al., 1997; Sigman et al., 1999; Robinson et al., 2004; Brunelle et al., 2007 Brunelle et al., , 2010 Robinson and Sigman, 2008] . Looking further back in time, the onset of major ice age cycles approximately 2.7 million years ago also coincided with a sharp drop in productivity and stable or increased surface nitrate consumption in the SNP and Antarctic [Haug et al., 1999; Sigman et al., 2004; Studer et al., 2012] . These coupled changes have been explained by reduced supply of nitrate into the sunlit surface layer of both polar regions, due to stronger density stratification of the upper water column and/or a weakening in the physical drivers of vertical water exchange, such as the westerly winds [Toggweiler et al., 2006; Anderson et al., 2009] . Below, simply as a shorthand, we refer to the reduced surface/deep exchange of water implied by the reduced gross nitrate supply as "stratification."
During ice ages, stratification in the Antarctic zone of the Southern Ocean may have reduced deep ocean ventilation [François et al., 1997; Sigman et al., 1999; Anderson et al., 2009] . By decreasing the upwelling of carbon dioxide-rich deep water and the pumping of unused dissolved nutrients back into the deep ocean, this may have driven a substantial part of the reduction in atmospheric CO 2 content during ice ages [Hain et al., 2010] . In contrast, with no deep water formation in the SNP today, ice age stratification in the SNP is less likely to have played an important role in ventilation of the deep ocean or in ice age CO 2 reduction, as there was no deep ocean ventilation by the SNP to reduce during ice ages.
Nevertheless, the SNP provides a helpful test case for understanding the response of halocline-bearing polar regions to climate change. This is aided by the fact that the SNP hosts adequate burial of foraminifera for the established tools of paleoceanography to be applied in this region, in contrast to the notoriously CaCO 3 -poor Antarctic. Moreover, the SNP hosts very important fisheries and affects climate in the northern continents, additional motivations for understanding the response of this ocean region to climate change.
The similar paleobiogeochemical behavior of the Antarctic and SNP over glacial/interglacial cycles is somewhat surprising, given that the two regions have very different boundary conditions. While both regions experience net Ekman divergence, the southern westerly winds and the Antarctic Circumpolar Current are largely unimpeded by continental barriers, in contrast to the winds and currents of the North Pacific. Moreover, as described above, the vertical density structure of the two regions has very different outcomes for deep ocean ventilation by the two regions, with the Antarctic forming both intermediate and deep water and the SNP forming only intermediate water [Talley et al., 2011] . Given these differences, it would seem possible to hone in on their shared aspects to identify a physical explanation for the apparent reduction in surface/deep exchange during cold climate that appears to characterize both regions.
However, a number of aspects of the deglacial histories in the subarctic North Pacific complicate the picture.
In the SNP, the dramatic increase in biogenic fluxes occurred at the Bølling/Allerød (B/A, 14.6 ka) warm period Brunelle et al., 2007 Brunelle et al., , 2010 Jaccard et al., 2009; Kohfeld and Chase, 2011] , which in itself could be consistent with the argued glacial/interglacial correlation of increased surface/deep exchange with warm climate. However, the δ 15 N of diatom-bound and bulk sedimentary N declines prior to this, at the beginning of Heinrich Stadial 1 (HS1) at~17.5 ka, prior to the B/A rise in biogenic fluxes, and δ 15 N rises back to near-glacial values in the B/A just as opal flux rises [Brunelle et al., 2007 [Brunelle et al., , 2010 Jaccard et al., 2009; Studer et al., 2013] , which would appear to argue for a rise in the degree of nitrate consumption upon regional warming [Lam et al., 2013] . In short, the specific timing of SNP δ 15 N changes across the deglaciation has suggested departures from the overturning-driven δ 15 N/productivity anticorrelation that characterizes overall glacial/interglacial changes in both the SNP and the Antarctic. Moreover, benthic/planktic radiocarbon comparison has been used to suggest that there was direct ventilation of the deep ocean from the North Pacific surface during HS1, potentially contributing to the first pulse of deglacial atmospheric CO 2 rise [Okazaki et al., 2010; Rae et al., 2014] . This argument appears to be consistent with existing diatom-bound δ 15 N (DB-δ 15 N) records from the open SNP and Bering Sea [Brunelle et al., 2007 [Brunelle et al., , 2010 , which suggest decreased nitrate consumption and thus potentially increased surface/deep exchange during the HS1 cold period.
Two factors have been suggested as possible sources of complication in N isotopic studies of the SNP, potentially biasing our understanding deglacial change in the region. First, there are dramatic shallow suboxic events in the Bering Sea and the eastern North Pacific during the B/A and after the Younger Dryas (YD) cold interval [Cannariato and Kennett, 1999; Cook et al., 2005] , apparently associated with a general intensification of suboxia along the eastern North Pacific margin [Zheng et al., 2000] , and these are associated with bulk sediment δ 15 N maxima in margin sediments where neither variable nitrate consumption nor diagenesis should be major factors [Chang et al., 2008; Addison et al., 2012] . This suggests that the δ 15 N of the subsurface nitrate being mixed or upwelled into the SNP euphotic zone was elevated during the B/A and post-YD intervals. However, it is not clear whether these signals propagated into the western SNP, where vigorous wintertime mixing may penetrate through and thus erode such a nitrate δ
15
N maximum in the shallow subsurface.
Second, the concentration and chemical characteristics of opal vary downcore in SNP sediments [Ren et al., 2013] , with a lower concentration in the clay-rich glacial sediments and particularly low concentration in the Heinrich Stadial 1 (HS1) interval [Keigwin et al., 1992; Jaccard et al., 2009; Brunelle et al., 2010] . To address questions regarding diatom-bound N isotopes and the low δ 15 N observed during the HS1 event, sizefractionated opal-bound δ 15 N analyses were undertaken [Studer et al., 2013] . The results indicate that the low δ 15 N of HS1 may be an artifact of contamination by sponge spicules, which have a very low δ 15 N in these sediments (~À11‰) and which are proportionally more important in the sediments with the lowest diatom concentrations [Studer et al., 2013] . However, as yet, we do not have the capability, using opal-based data alone, to either robustly quantify this artifact or remove it.
Foraminifera-bound δ 15 N (FB-δ 15 N) analysis was first developed for studies in low-latitude, carbonate-rich sediments [Ren et al., 2009 [Ren et al., , 2012a Meckler et al., 2011; Straub et al., 2013a] but is proving equally promising in highlatitude regions when adequate foraminifera are available [e.g., Straub et al., 2013b; Martínez-García et al., 2014] . The two broadly encountered polar to subpolar species are Neogloboquadrina pachyderma (sinistral, or left coiling), a nonspinose, asymbiotic form, and Globigerina bulloides, a spinose, asymbiotic form. The available data indicate that both species track the δ 15 N of nitrate consumed by phytoplankton in the upper ocean, with species-specific offsets [Ren et al., 2012b; Straub et al., 2013b] . In sediments where both diatom opal and foraminifera are adequately abundant for analysis, each component has its advantages and disadvantages. Among the advantages of foraminifera relevant for the standing questions regarding the SNP are that they can be unambiguously separated from nonforaminifera material and sorted by species. Of course, combining data from both components has the potential to provide additional biogeochemical insight.
To more definitively address both Last Glacial Maximum (LGM)-to-Holocene and deglacial δ 15 N changes in the SNP, we generated microfossil-bound N isotope measurements of planktonic foraminifera in the same sediment record that Studer et al. [2013] investigated for diatom-bound δ 15 N, with measurements spanning from the LGM to mid-Holocene to late Holocene. The result of combining all the fossil-bound δ 15 N data is a self-consistent picture of the connection between climate and the degree of nitrate consumption in the western SNP.
Materials and Methods

Sediment Core and Stratigraphy
Sediment core SO202-07-6 was retrieved from Detroit Seamount in the NW subarctic Pacific during the Innovative North Pacific Experiment (INOPEX) cruise in 2009 (Figure 1 ; 51.3°N, 167.7°E, 2345 m water depth) [Gersonde, 2012] . The age model is based on a high-resolution planktonic foraminiferal radiocarbon stratigraphy measured on N. pachyderma (sinistral), with further tuning by tying deglacial features in the high-resolution He terr ) flux record from SO202-07-6 to abrupt changes in the dust record from NorthGRIP (NGRIP) [Serno et al., 2015] . The sedimentation rate at this site varies between 2 and 7 cm/kyr in the intervals of 27,359-15,197 years B.P. and 11,004-3894 years B.P. and is higher,~7-20 cm/kyr, between 15,197 and 11,004 years B.P. For additional paleoceanographic context, the calcite δ
18
O of the benthic foraminifera Uvigerina peregrina was measured in the Stable Isotope Laboratory at Lamont-Doherty Earth Observatory (LDEO) (Table S1 in supporting information). Between 50 and 80 μg of whole foraminifera was analyzed for δ
O on a Thermo Delta V+ Dual Inlet mass spectrometer connected to a Kiel IV carbonate reaction device at LDEO. The NBS-19 standard was analyzed five to six times daily and indicated a long-term precision of ±0.06‰ for δ 18 O.
N Isotope Analyses
The measurements of microfossil-bound δ 15 N use the "persulfate-denitrifier" technique [Knapp et al., 2005] .
The protocol includes (1) chemical treatment of the microfossil to remove external contaminants, (2) conversion of the organic nitrogen bound within the microfossil walls to nitrate by persulfate oxidation [García et al., 2010] . The locations for the core site SO202-7-6 and hydrostation K1 are indicated with a red diamond and a black cross, respectively. [Nydahl, 1978] , (3) measurement of nitrate concentration by chemiluminescence [Braman and Hendrix, 1989] , and (4) bacterial conversion of nitrate to nitrous oxide [Sigman et al., 2001] , with measurement of the δ 15 N of the nitrous oxide by gas chromatography-isotope ratio mass spectrometry [Casciotti et al., 2002] using a Thermo MAT253 with a purpose-built nitrous oxide purge/trap/chromatography system at Princeton University.
Cleaning of foraminifera tests, following procedures described by Straub et al. [2013a] , includes (1) 5 min ultrasonication in 2% sodium hexametaphosphate (pH 8), (2) reductive cleaning using sodium bicarbonate-buffered dithionite-citrate reagent, and (3) removal of external organic matter by persulfate oxidation.
The reproducibility of the δ Table S1 in the supporting information.
Sediment purification and cleaning methods for diatom frustules (or opal fraction) are described by Studer et al. [2013] . Different size fractions of opal and handpicked sponge spicules were analyzed and compared for δ 15 N, in order to understand the isotopic contribution of nondiatom fraction (mostly from sponge spicules) and to understand the effect of diatom species difference. It was shown that contamination of N by nondiatomaceous opal should not normally compromise total DB-δ 15 N (0-150 μm) because the nondiatom opal typically contributes less than 5% to the total opal, except during the HS1 period [Studer et al., 2013] . We also choose to use the 0-150 μm opal fraction as the total DB-δ 15 N because this is the standard size fraction analyzed for DB-δ 15 N in previous work. The particulars of the DB-δ 15 N analyses are described by Studer et al. [2013] .
Record of Eolian Dust Supply and Biogenic Fluxes
A history of eolian dust supply was reconstructed at this site using 230 He flux at a depth resolution of 2-4 cm (Figure 2f ). The measurement protocol and discussion of this record are provided by Serno et al. [2015] . Th-normalized opal fluxes, biogenic Ba fluxes, and carbonate fluxes from SO202-07-6 (filled circle and highlighted in black) (Serno et al., in preparation) and from published records in the northwest Pacific (RAMA44PC (open triangle), ODP882 [Jaccard et al., 2009] (open square), and PC13 [Brunelle et al., 2010] (open circle)) and in the Bering Sea (RC10-196 [Kohfeld and Chase, 2011] (filled square) and JPC17 [Brunelle et al., 2007] 
He terr flux at SO202-7-6 [Serno et al., 2015] . The black arrows along the x axis indicate radiocarbon ages analyzed on N. pachyderma (sin.).
230
Th-normalized biogenic Ba flux, opal flux, and carbonate flux were measured at a resolution of 2-4 cm in order to reconstruct past changes in export production and its characteristics (Figures 2c, 2d , and 2e). The analyses were performed at LDEO, according to protocols described by Serno et al. [2014] . Complete results are presented in Serno et al. (in preparation) After maintaining an offset of 2-3‰ from the LGM through the early B/A, N. pachyderma FB-δ 15 N and DB-δ 15 N begin to converge, finally reaching similar values at the end of the Preboreal period (at around 9 ka) and remaining similar throughout the remainder of the record. The isotopic difference is largest during the HS1 interval, when DB-δ 15 N declines to values similar to those of the late Holocene.
Record of Eolian Dust Supply and Biogenic Fluxes
The 4 He terr flux record indicates high eolian dust supply to this region during the LGM and YD periods, in sharp contrast with the extremely low dust supply during the middle to late Holocene ( Figure 2f ) [Serno et al., 2015] . The 230 Th-normalized biogenic fluxes at our study site were in general lowest during the last glacial period, slightly increased near the end of HS1, and reached a maximum during the B/A period. These fluxes are consistent with previous records from the NW Pacific (Figures 2c, 2d , and 2e). The fluxes of biogenic Ba and opal indicate qualitatively different histories since the LGM, with the biogenic opal flux of the later Holocene being similar to that of the LGM (Figures 2c and 2d ). This observation will be addressed in a subsequent manuscript. Here we use the Ba data as the most general measure of export production, the rain of particulate organic matter exported from the euphotic zone ( Figure 2d ). Although barite can be mobilized when pore water sulfate is depleted by sulfate reduction [Gingele et al., 1999] , the absence of sulfidic conditions anytime during the past 150 kyr in sediments at nearby ODP Site 882 [Jaccard et al., 2009] indicates that barite would have been well preserved. In this context, we interpret the compiled records to indicate that, relative to the Holocene, export production was lower during the LGM and that production may have been passed through a deglacial maximum during the B/A warm period. This interpretation follows those of Keigwin et al. [1992] and Galbraith et al. [2007] . N were lower in the SNP during the LGM, a possible consequence of reduced denitrification in the NE Pacific, then this interpretation is simply reinforced [Galbraith et al., 2008] .
A large number of previous studies of the region, over multiple glacial cycles, indicate that export production was reduced during the ice ages in general and the LGM in particular Kienast et al., 2004; Jaccard et al., 2005; Brunelle et al., 2007 Brunelle et al., , 2010 Kohfeld and Chase, 2011] . Thus, while perhaps counterintuitive, the degree of nitrate consumption was high when export production was low. The degree of nitrate consumption in the surface mixed layer is related to both the gross nitrate supply to the mixed layer and the uptake of nitrate, which leads to the eventual export of organic N: degree of nitrate consumption ¼ uptake and export=supply According to this expression (or, more conveniently, supply = uptake/degree of nitrate consumption), a higher degree of consumption of the gross nitrate supply in the context of lower export production requires a decline in the gross supply rate of nitrate to the surface ocean. Thus, a change in the physical circulation must have reduced the import of the major nutrients into the euphotic zone during glacial times. Following previous work, we refer below to this reduced supply of deep water as stratification [François et al., 1997; Sigman et al., 2004] , recognizing here that it may not speak directly to the density stratification of the glacial polar ocean (e.g., even with a constant density stratification, decreased wind-driven upwelling would decrease the nitrate supply). The data in hand cannot as yet distinguish which nitrate supply mechanism -upwelling or vertical mixing-decreased during ice ages, and a reduction in upwelling may in turn cause a reduction in vertical mixing [Toggweiler et al., 2006; de Boer et al., 2008] .
A reduction in the gross nitrate supply to the SNP surface would not necessarily lead to more complete consumption of the available nitrate; nevertheless, it is the most likely outcome. Because marine phytoplankton productivity is at least partially limited by iron (Fe) [Martin et al., 1990; Boyd et al., 2004] and may be colimited by iron and light [Sunda and Huntsman, 1997; Maldonado et al., 1999] , an increase in the iron-to-nitrate (Fe/NO 3 À ) supply ratio to the SNP surface ocean should cause nitrate consumption to rise. While both nitrate and Fe enter the surface mixed layer from subsurface waters, Fe is also supplied by Fe input from wind-supplied dust, lateral advection from the continental margins, continental Fe input from exposed shelves, Fe transport by icebergs, and the release of atmospherically derived Fe by summertime melting of sea ice [Sedwick and DiTullio, 1997] . We cannot address the Fe/NO 3 À ratio of subsurface water, but eolian Fe deposition was greater during the LGM (Figure 2f ; Serno et al., 2015) , and the summertime margin of sea ice (with its winter's worth of deposited Fe) must have been closer to our site during ice ages. A reduction in nutrient supply from below would have rendered the eolian Fe input and other nondeep water Fe inputs proportionally more important, increasing the Fe/NO 3 À supply ratio and thus causing the degree of nitrate consumption to increase.
Different LGM-to-Holocene δ 15 N Change Between Foraminifera and Diatoms
Depending on the sedimentary environment, there is the potential for diatom opal to be contaminated by the fragments of sponge spicules and radiolaria. In the SNP, the net effect of this contamination is to lower the measured DB-δ 15 N [Studer et al., 2013] . As a result, it is a logical hypothesis that the smaller δ 15 N difference between the LGM and Holocene in diatom-bound N than in foraminifera-bound N is an artifact of contamination in the LGM opal. However, microscopic analyses of purified and cleaned diatoms from this site suggest only slightly greater radiolarian contamination in the LGM than in the Holocene and similar degrees of sponge spicule contamination, the latter being the greater concern because of its low δ 15 N of~À11‰ [Studer et al., 2013] . Thus, we believe that the larger LGM-to-Holocene δ 15 N change observed in foraminifera than in diatoms is a true upper ocean biogeochemical signal that warrants explanation. A possible explanation for the greater LGM elevation of FB-δ 15 N relative to DB-δ 15 N derives from the phenology of diatoms and foraminifera in the SNP, as described next.
The SNP is highly stratified throughout most of the year, with most nitrate supply occurring via wintertime deep mixing and subsequent uptake during spring and summer. In particular, in the northwestern North Pacific near our study site, where the winter mixing to the densest levels occurs today [Ohno et al., 2009] , almost all nitrate is supplied to the mixed layer during wintertime vertical mixing, while this deep mixing and the low incident sunlight cause nitrate assimilation rates to be low during this period. In the spring/summer period, the mixed layer shoals to~20 m and the surface nitrate pool is consumed by phytoplankton, progressively raising the δ 15 N of the residual nitrate, while resupply is weak, such that Rayleigh kinetics is an appropriate approximation of the system over the course of each productive spring-to-summer period. The concentration and δ 15 N of mixed layer nitrate at the initiation of the summertime productivity peak can be estimated from the summertime subsurface temperature minimum ("dicothermal") layer (DL), which represents the base of the winter mixed layer that has been isolated from summertime production by the shoaling of the mixed layer into the summer. The Rayleigh model, which assumes the consumption of a substrate in a closed system with constant isotopic fractionation, may be applied to quantify the δ 15 N of the biomass produced in a given year during 
Here f is the fraction of the remaining nitrate (i.e., summer nitrate concentration divided by winter nitrate concentration), ε is the isotope effect of nitrate assimilation, the instantaneous product is the organic N produced from nitrate assimilation at any given moment, and the integrated product is the organic N product accumulated over the event of progressive nitrate consumption (i.e., the instantaneous product integrated over the progressive decrease in f from 1 to its value at the end of the spring/summer growth period). While the δ 15 N of the instantaneous product (Figure 4 , dashed curve) closely tracks the increase in the δ 15 N of nitrate, the δ 15 N of the integrated product (Figure 4 , solid curve) increases more weakly, with the greatest difference between the two at high degrees of nitrate consumption.
The total organic N exported from the surface mixed layer should be equivalent to the integrated product, as it integrates the organic matter produced over the spring-to-summer period of rapid growth and nitrate drawdown. However, the integrated product may apply less well to the organic matter produced by individual groups of organisms. Diatoms are among the first organisms to increase their growth into the spring/summer high-productivity period of the SNP, as indicated by silicate drawdown, sediment trap collections, and other observations [Takahashi et al., 2000; Kuroyanagi et al., 2002 Kuroyanagi et al., , 2008 Asahi and Takahashi, 2007] . The diatoms essentially drive the spring/summer nitrate drawdown, if anything becoming less important in the late summer and fall as coccolithophorids and other phytoplankton increase their importance. Thus, in the context of the Rayleigh model, the diatom biomass should approximate the integrated product in terms of changes in its δ 15 N as a function of nitrate consumption, perhaps with a bias toward lower δ 15 N than the integrated product.
In contrast to diatoms, the foraminifera acquire their N from the biomass of phytoplankton as well as higher trophic levels. As with other heterotrophs, they do not respond immediately to the springtime increase in phytoplankton growth in polar regions, increasing their number and biomass later in the spring/summer period. Indeed, observations from the SNP suggest that N. pachyderma and G. bulloides "bloom" in the summer to early fall, later than the spring diatom production increase [Takahashi et al., 2000; Asahi and Takahashi, 2007] . LGM, nitrate consumption may have reached its end point earlier in the spring-to-summer progression (or not as much later as might be expected from the colder climate of the time). Thus, during the LGM, even with no change in the timing of the springtime increase in foraminifera relative to the initiation of the spring phytoplankton bloom, the bulk of the foraminifera production may have occurred when a greater proportion of the seasonal nitrate consumption had passed. In the terminology of the Rayleigh model, this would cause the LGM foraminifera to more completely approximate the instantaneous product, further raising FB-δ 15 N relative to DB-δ 15 N.
These distinctions between diatomand foraminifera-bound N as recorders of the degree of nitrate consumption in the SNP structure our discussion N of the modern integrated product is 3.1‰, which is likely due to the known offset between frustule δ 15 N and biomass δ 15 N (~2.6‰ [Morales et al., 2014] ). In order to simultaneously match the constraint on export production and the constraint on the degree of nitrate consumption from DB-δ 15 N, we calculate that winter and summer nitrate concentrations in the LGM were 7.3 and 2.0 μM, in comparison with 25.4 and 14.9 μM in the Holocene. Under the LGM condition of a greater degree of nitrate consumption, a greater δ 15 N difference is expected between the instantaneous (blue open circle) and integrated product (blue filled circle). This can explain at least part of the greater δ 15 N difference between FB-and DB-δ 15 N during the last ice age. The core-top N. pachyderma FB-δ 15 N is higher than the integrated product by 3.5‰, which is best interpreted as the trophic elevation of this heterotroph (~3‰ [Persic et al., 2004] Much of the uncertainty in interpreting the diatom-bound N isotope data derives from the isotope dynamics of the winter mixed layer/dicothermal layer, which affects the nitrate δ 15 N/concentration relationship of the nitrate supplied to the spring/summer mixed layer ( Figure 5 ). The upper ocean as a whole, which in the summer includes the surface mixed layer and the underlying DL while in the winter is simply the mixed layer, can be considered as maintaining a long-term steady state with regard to N fluxes. Nitrate is in net imported into the upper ocean by diapycnal mixing across the base of the winter mixed layer (i.e., base of the DL), and this net nitrate supply is balanced by sinking organic N that passes across the base of the winter mixed layer before being remineralized. Given these conditions, the "steady state" model is expected to be more appropriate than the Rayleigh closed system model for the δ 15 N of nitrate in the DL [Hayes, 2002; Sigman et al., 1999 Sigman et al., , 2009 . In the steady state model, δ
15
N of the nitrate (substrate) increases linearly with the degree of nitrate consumption, according to the isotope effect of nitrate assimilation:
where f is the fraction of reactant remaining. Thus, a lower rise in δ 15 N for a given nitrate concentration decline in the DL is expected than if the Rayleigh model was applied ( Figure 5 green line versus blue line).
In fact, nitrate in the modern DL has an even lower δ 15 N than predicted by the steady state model ( Figure 5 , yellow points from around 100 m water depth). Studies of the Antarctic T min layer (analogous to the DL of the SNP) suggest that this is largely due to the remineralization within the DL of low-δ 15 N suspended particulate nitrogen (PN) remaining from the spring and summer periods [Smart et al., 2015] . The net result is that the DL nitrate δ 15 N (6.5‰) is only modestly higher than the nitrate δ 15 N of underlying deep water (5.8‰) (yellow versus green points in Figure 5 ).
Despite the relatively low nitrate δ 15 N of the DL in the modern SNP, one might imagine that DL nitrate δ 15 N rose substantially during the LGM. The intuitive reason for this expectation is that more complete nitrate this would have been mixed into the DL during the winter. However, under the higher degree of nitrate consumption of the LGM, as summertime nitrate consumption approaches completion, isotope fractionation during nitrate assimilation in the summer mixed layer is expressed in an increasingly small summer mixed layer nitrate pool. Consequently, when the summer mixed layer nitrate pool is mixed into the DL in the early winter, it raises the nitrate δ 15 N of the DL only modestly, simply because the amount of residual nitrate in the mixed layer at the time of mixed layer deepening is so small. This dynamic, albeit in the very different oceanographic context of water column denitrification, was referred to as the "dilution effect" by Deutsch et al. [2004] . Because of the dilution effect, if nitrate consumption is nearly complete in the summer mixed layer, the δ 15 N of nitrate in the winter mixed layer will not be significantly higher than that of underlying deep nitrate. Given this set of considerations, we make the simplifying assumption here that the DL nitrate δ 15 N holds constant even as DL nitrate declines. Numerical modeling should be able to refine this approach in the future.
Using the data from station K1 and the Rayleigh model, an estimate can be generated for the DB-δ 15 N is~1.5‰ higher during the LGM than during the Holocene. Based on the reasoning in section 4.1.2 above, we infer that this δ 15 N elevation applied to the accumulated spring-to-summer sinking N during the LGM. Given the biogenic barium fluxes (Figure 2d ), one would infer that export production and thus spring-to-summer nitrate drawdown during the LGM were 50% of the Holocene values. In order to simultaneously match this constraint on export production and the constraint on the degree of nitrate consumption from DB-δ 15 N, we calculate that winter and summer nitrate concentrations in the LGM were 7.1 and 1.8 μM, in comparison with 25.4 and 14.9 μM in the Holocene (Figure 4 , blue curves). This calculation is different if the opal flux is taken as the measure of export production (Figure 2c ). If we use opal flux to constrain changes on export production, the calculated winter and summer nitrate concentrations in the LGM would be 13.5 and 3.4 μM. Regardless of the details, a higher δ 15 N in the context of lower or similar export production requires a significant decline in the gross supply rate of nitrate to the surface ocean during the LGM.
LGM-to-Holocene Changes in FB-δ 15 N
The core-top N. pachyderma FB-δ 15 N (6.1‰) is higher than the integrated product estimated from modern data by 3.5‰, similar to the findings in the subpolar North Atlantic [Straub et al., 2013b] . This value is also similar to the offset between the estimated integrated product δ 15 N and the measured DB-δ 15 N of 3.3‰.
In contrast to diatom frustules, the existing data on FB-δ 15 N indicate no systematic elevation of the testbound N relative to the organism's bulk biomass [Ren et al., 2013] . The difference between measured N. pachyderma and calculated integrated product is indistinguishable from the elevation in δ 15 N expected for one trophic level [Persic et al., 2004] . Thus, the elevation of FB-δ 15 N relative to the organic N produced over the summer by nitrate consumption is best interpreted as the trophic elevation of this heterotroph. Considering that N. pachyderma is a nonspinose and asymbiotic form that probably undertakes little predation [Hemleben et al., 1989 ], a single level of trophic elevation appears reasonable. Subtracting a trophic 15 N enrichment of 3‰ [Persic et al., 2004] , the corrected core-top N. pachyderma FB-δ 15 N (3.1‰) is similar to the integrated product δ 15 N (2.6‰) in the modern condition. Above, we argue that, in this highly seasonal polar environment, N may have a dependency on nitrate consumption that is intermediate between the integrated and instantaneous production equations of the Rayleigh model (equations (2) and (3)). N of G. bulloides and N. pachyderma appear to maintain a roughly constant difference (~3‰) throughout the record. This difference is consistent with core-top measurements from different regions (A. Martínez-García, personal communications, 2013) . It is most likely that the δ 15 N difference reflects a dietary difference, as both species are asymbiotic. It is unclear, however, whether the dietary δ 15 N difference originates from differences in trophic level or in depth/seasonal habitats. Our current knowledge regarding their ecological difference in the polar ocean is insufficient to address such questions. Nevertheless, the constant δ
15
N difference between the two species suggests that the ecological factors driving the difference likely remained unchanged from LGM to the Holocene, providing an additional reason for confidence that the δ 15 N change recorded in both species is driven by a broad environmental change, specifically, a change in the degree of nitrate consumption.
As outlined above, we argue that the greater LGM FB-to-DB δ 15 N difference results fundamentally from the tendency of FB-δ 15 N, in this highly seasonal environment of the western SNP, to lag the autotrophic spring bloom, causing them to preferentially capture late spring-to-summer nitrate conditions. Two possible specific mechanisms for the greater FB-to-DB δ 15 N difference during the LGM are (1) a greater δ 15 N difference between instantaneous and integrated products as the fractional nitrate consumption increases ( Figure 4) and (2) a higher degree of nitrate consumption by the time of most foraminifera growth during the LGM, which is arguably to be expected when a given amount of nitrate drawdown represents a greater degree of nitrate consumption. Considering the first effect in isolation, the reconstructed LGM nitrate drawdown would have caused the instantaneous product/integrated product δ N probably has a behavior that is intermediate between the instantaneous and integrated products. Thus, the second effect was probably also significant.
Here, we take a step toward quantifying the relative importance of these two dynamics with a calculation based on the Rayleigh model. In this calculation, the instantaneous product is integrated across different ranges of f for diatoms and foraminifera. Accordingly, the δ 15 N difference between FB-and DB-δ 15 N is set by (1) the fraction of nitrate remaining at the beginning of foraminifera production (f a ) and (2) the fraction of nitrate remaining by the end of the summer growth period (f b ) ( Figure 6 ). This δ 15 N difference has the following expression in terms of f a and f b :
where ε is the isotope effect of nitrate assimilation.
To make use of this expression, we must relate FB-and DB-δ 15 N to the autotrophic biomass being produced in the surface ocean at any given time. LGM. It is calculated that f a was~40% lower during the LGM than during the Holocene, or roughly~52% during the LGM. The inference is that, during the LGM, about half of the seasonal nitrate consumption had occurred before foraminifera production rose to substantial levels. Of course, there are multiple sources of uncertainty in this calculation, not the least of which is the applicability of the Rayleigh model. Nevertheless, this interpretation may be testable with other paleoceanographic proxy data and/or through studies of foraminiferal seasonality in the modern ocean. lowest opal content of the last glacial cycle [Brunelle et al., 2007] and a distinctive texture. Microscopic investigation of the opal analyzed in HS1 sediments revealed significant contamination by nondiatom opal, both sponge spicules and radiolaria [Studer et al., 2013] . Given the quantified spicule content in the purified opal, its low δ 15 N (~À11‰) can entirely explain the HS1 DB-δ 15 N decline, absent any changes in nitrate consumption [Studer et al., 2013] .
Deglacial Changes in
Being analyzed on handpicked specimens, FB-δ 15 N has the advantage of not being contaminated with nonforaminiferal material. In contrast to DB-δ 15 N, the constant FB-δ 15 N across the HS1 interval presented here unambiguously indicates that nitrate consumption in the SNP remained high and constant from the LGM across the early deglacial HS1 period. These data thus support the suggestion of Studer et al. [2013] that the HS1 DB-δ 15 N decline is an artifact of nondiatom opal contamination.
This finding greatly simplifies interpretation of a single relationship between regional climate and nitrate supply from below across the HS1 in the subarctic North Pacific. It has been a conceptual challenge to explain why nutrient consumption would undergo a sharp decrease at HS1, a time when there is no evidence for a clear change in productivity Brunelle et al., 2007 Brunelle et al., , 2010 Jaccard et al., 2009; Kohfeld and Chase, 2011] . The hypothesis of Brunelle et al. [2010] and Lam et al. [2013] for these coupled observations was that the HS1 brought a deeper mixed layer and thus light limitation of SNP phytoplankton. Given our new understanding of the N isotope data, the HS1 is best interpreted as a continuation of ice age stratification in the SNP. into the B/A interval (Figure 2 ). This is in stark contrast to bulk sediment and DB-δ 15 N data from this and other ) LGM cases shown. f a is the fraction of nitrate remaining at the beginning of foraminifera production, and f b is the fraction of nitrate remaining by the end of the summer growth period. Diatoms are among the first organisms to increase their growth into the spring/summer high-productivity period of the SNP and essentially drive the spring/summer nitrate drawdown. Thus, it is assumed that DB-δ 15 N (in green) approximates the integrated product, in that diatom production is associated with the entire progress of nitrate consumption, from no nitrate consumption to an end-of-season degree of nitrate consumption. In contrast, planktonic foraminifera may not closely track the early phytoplankton growth in the spring, causing FB-δ cores [Brunelle et al., 2010] , which show a sharp δ 15 N increase into the B/A. Along the lines of the discussion above, an artificially low δ 15 N in HS1 due to sponge spicule contamination can explain the subsequent δ 15 N rise in bulk sediment and diatom-bound N, as sedimentary opal and biogenic sediment as a whole rose sharply at the B/A, causing sponge spicule contamination to become minor [Studer et al., 2013] .
At face value, the FB-δ 15 N data imply similar values for assimilated nitrate during the early B/A as during HS1 and the LGM, with δ 15 N declining in the middle or late B/A. Pairing a similar or lower degree of nitrate consumption during the B/A with much higher biogenic fluxes to the seafloor at the B/A implies a sharp increase in the rate of nitrate supply to the surface ocean at the HS1-to-B/A transition. Furthermore, eastern North Pacific sediment records appear to record deglacial maxima in subsurface nitrate δ 15 N, during the B/A in particular [Ganeshram et al., 1995; Pride et al., 1999; Chang et al., 2008; Galbraith et al., 2008; Addison et al., 2012] . If this change applied to the western SNP, then it may have overprinted and thus hidden a nitrate consumption-driven FB-δ 15 N decline across the transition from HS1 to B/A. If there was a decline in the degree of nitrate consumption at the HS1-to-B/A transition, then, in combination with the pronounced increase in export production at the B/A (Figures 2c and 2d) , the implied HS1-to-B/A rise in nitrate supply to the euphotic zone was even greater. These uncertainties aside, the data argue that SNP surface/subsurface exchange increased dramatically at the onset of the B/A and not during HS1 as previously suggested [Gebhardt et al., 2008; Brunelle et al., 2010; Okazaki et al., 2010; Lam et al., 2013; Rae et al., 2014] . In summary, the FB-δ 15 N records, in the context of the biogenic flux data, make a strong case for a single relationship between regional climate and gross nitrate supply from below, with reduced nitrate supply (i.e., stratification) under regionally cold climate.
Conclusions and Perspective
The modern SNP is strongly stratified by a buoyant, low-salinity surface layer, which is sustained by an excess in precipitation and runoff relative to evaporation and restricted meridional exchange between subpolar and subtropical surface waters [Warren, 1983; Emile-Geay et al., 2003] . Reconstructions of changes in surface salinity and temperature have led some authors to hypothesize dramatic departures from this haloclinedominated condition during intervals within the deglaciation [Keigwin et al., 1992; Sarnthein et al., 2004 Sarnthein et al., , 2006 Okazaki et al., 2010; Gebhardt et al., 2008; Sagawa and Ikehara, 2008] . In particular, it has been suggested that there was direct ventilation of the deep ocean from the North Pacific surface during HS1, potentially contributing to the first pulse of deglacial atmospheric CO 2 rise [Okazaki et al., 2010; Rae et al., 2014] . This argument appears to be consistent with some reconstructions of the radiocarbon and oxygen contents of the North Pacific Okazaki et al., 2010; Menviel et al., 2012; Rae et al., 2014] and can be argued to fit with existing DB-δ 15 N records from the open SNP and Bering Sea [Brunelle et al., 2007 [Brunelle et al., , 2010 .
Mechanisms proposed for driving the HS1 deep convection in the SNP focus on linkages between the North Atlantic and North Pacific. For example, some modeling results show inverse overturning behavior between the North Pacific and North Atlantic across the deglaciation, through feedbacks between salinity anomalies and ocean circulation [Saenko et al., 2004; Schmittner et al., 2007; Okazaki et al., 2010] .
However, other observations regarding the deglacial events in the SNP challenge this interpretation. The compiled records do not show a clear sign of enhanced ventilation during HS1 below 1300 m water depth, suggesting that local ventilation, if it occurred during HS1, was restricted to shallow depths [Jaccard and Galbraith, 2013] . Further, other stable isotope and radiocarbon data suggest a significant increase in deep ocean ventilation in the North Pacific at the onset of the B/A (e.g., Figure 2a ), but not prior to it [Keigwin, 1998; Galbraith et al., 2007] .
Almost all existing productivity records from the SNP show no or only a modest increase during HS1 (Figure 2 ) Brunelle et al., 2007 Brunelle et al., , 2010 Jaccard et al., 2009; Kohfeld and Chase, 2011] . increased productivity at the B/A was a response to greater nutrient supply associated with increased winddriven upwelling, greater vertical mixing, or a rise in shallow subsurface nutrient concentrations Gebhardt et al., 2008; Davies et al., 2011; Addison et al., 2012] . In contrast, Lam et al. [2013] explained the low productivity during HS1 in the SNP by light limitation on productivity due to deep mixing and interpreted the B/A productivity peak as a response to the subsequent shutdown in this mixing. This last interpretation and related interpretations that involve deep water formation during HS1 would require a breakdown in the coupling between cold climate and reduced vertical exchange that appears to characterize the glacial state [Jaccard et al., 2005; Brunelle et al., 2007 Brunelle et al., , 2010 Galbraith et al., 2008] .
As described above, the deglacial changes in FB-δ 15 N reconstructed here are inversely correlated with changes in biogenic flux. Taking these data together, it is implied that deglacial and interglacial periods of high export production are associated with greater nitrate supply from below and do not simply reflect a rise in the degree to which a given nitrate supply was consumed. During HS1, the SNP maintained the glacial conditions of low nutrient supply from below, that is, stratification. This condition does not appear to have changed until the B/A interval, which was associated with warming in the Northern Hemisphere, including the North Pacific [Kiefer and Kienast, 2005; Max et al., 2012; Praetorius and Mix, 2014] . In contrast to Lam et al. [2013] , based on the combination of decreased FB-δ 15 N and increased biogenic fluxes, we conclude that the B/A was a time of dramatically increased gross nitrate supply to the SNP surface waters. The neardiametric opposition of our interpretation of HS1 and B/A conditions to that of Lam et al. [2013] , with
LGM-like stratification during HS1 and active vertical supply of nutrients during the B/A, originates from the FB-δ 15 N data and their confirmation that the DB-δ 15 N decline during the HS1 was an artifact of sponge spicule contamination. The brief increase in FB-δ 15 N and the decline in biogenic fluxes during the colder YD can be explained by a return to stratified conditions. In summary, our FB-δ 15 N data are consistent with the view that the glacial/interglacial association of Northern Hemisphere cold climate with SNP stratification and of warm climate with greater surface-to-deep exchange applied to the deglacial events as well.
